Introduction
Ultra-wideband technology got the interest of researchers due to its ability to transmit large amount of data with low transmission power in the short range indoor and outdoor wireless communication [1] [2] [3] [4] . An unlicensed spectrum of 7.5 GHz (3.1-10.6 GHz) is available for UWB communication as allocated by the Federal Communications Commission in February, 2002 . To differentiate it from other communication applications in this wide band, FCC also allocates Power mask that is max. of -41.3 dBm/MHz for indoor and outdoor applications [5] . UWB devices are defined as devices having bandwidth more than or equal to 500 MHz, whereas in terms of fractional bandwidth it should be 20% more than central frequency.
UWB antennas are widely used in impulse radar like ground penetrating radar (GPR), medical imaging applications and short range wireless personal area networks where lower gain of conventional planar UWB antenna is a major constraint [6] [7] [8] [9] [10] [11] [12] [13] . Maximum radiation in the broadside direction is much more useful than monopole like bi-directional or omni-directional radiation of conventional UWB antenna. High antenna gain and maximum radiation in the broadside direction can enhance the penetration depth of the transmitted electromagnetic wave from GPR transmitting antenna. This enhancement is an important solution to overcome the higher soil attenuation with increasing frequency of operation. Also wider operational bandwidth needs to maintain as it improves the lateral resolution of GPR. In general, antenna array is used to achieve higher broadside gain but designing wideband, especially ultra-wideband power divider is difficult. With the conventional Wilkinson power divider fractional bandwidth becomes narrow. Wideband response can be achieved by cascading multiple matching networks at the output ports of a single-stage power divider, however the overall size is increased with more resistors, needed for good isolation [24] . Similar problems arise in case of ultrawideband power divider design. Metallic reflectors can be used below the antenna for the purpose, however as the spacing between antenna and the reflector is fixed, this kind of arrangement is not capable of producing enhanced radiation over a wide bandwidth. To overcome these problems periodic structures like Partially Reflective Surfaces (PRS) and Frequency Selective Surfaces (FSS) are being used nowadays in place of solid metallic reflectors [14] [15] [16] [17] [18] . Alexandros P. Feresidis et al. proposed a FSS-based Artificial Magnetic Conductor (AMC) operating at 22 GHz placed surrounding a patch antenna [14] . The antenna with the AMC achieved a high gain of 20 dBi. The use of a FSS with Jerusalem cross shaped elements as a substrate below the radiating element to improve its bandwidth as well as gain at 2.45 GHz and 5.8 GHz, was proposed by Hsing-Yi Chen and Yu Tao [15] . In all such works the enhancement of gain was limited to a narrow bandwidth. In 2013, Wanchen Yang et al. proposed a periodic structure [16] with linear reflection phase response, that was used as a substrate in a patch antenna leading to an enhanced gain around 9.36 dBi in a wide bandwidth of 11.76% over 7.2 to 8.1 GHz, for the single element. Apart from conventional designs, metamaterial-inspired periodic structures have also been used for the performance improvement of narrowband or wideband antennas [25] [26] [27] .
A compact umbrella shaped ultra-wideband antenna is proposed in this article. An enhancement in the antenna gain by 2 to 4 dBi and directional radiation pattern over a wide impedance band of 3.05-13.4 GHz are achieved using a dual-layer FSS placed below the antenna. The distance between antenna and FSS layers are optimized for a higher gain and a suitable impedance matching over the frequency range of operation. For optimization, a distance of half wavelength corresponding to the center frequency around 6.5 GHz is chosen first, followed by rigorous simulation. This will be discussed in detail in Sec. 4 . In this paper introduction in Sec. 1 is followed by the design principle of antenna and the FSS layers in Sec. 2 and 3. Section 4 thereafter includes the simulated and measured results of the fundamental antenna parameters along with some parametric studies followed by the conclusion in Sec. 5. 
Antenna Design
Circular disk monopole (CDM) antenna gained rapid popularity among UWB researchers due to its simple construction, compactness and flexibility to work for various UWB applications [6] [7] [8] . Multiple novel shapes such as rugby ball [19] , Mickey mouse antenna [20] were invented earlier by modifying this conventional CDM. Compared to circular disk shape, elliptical shape can enhance the effective length of antenna radiator without affecting the simplicity and compactness of CDM. A schematic of the proposed umbrella shaped monopole antenna is shown in Fig. 1 .(a). Umbrella shape was achieved by intersecting two ellipses that are having semi-major axis of 1.7R and 2R and semi-minor axis of R and 1.5R respectively. The value of R was calculated from the following equation:
Here f L was taken as lower frequency of unlicensed UWB band that is 3.1 GHz, and c indicates speed of light. Co-planar wave guide fed was considered to make the design simple and planar. Bending was introduced at the upper corners, away from feed line that minimizes the ground plane radiations. The proposed antenna was printed on FR4 substrate of thickness 0.8 mm, relative permittivity 4.4 and loss tangent of 0.02.The antenna feed line was connected with a 50 Ω SMA connector. The fabricated prototype is shown in Fig. 2(a) . The optimal dimensions of the proposed antenna are given in Tab. 
Design and Analysis of FSS
A reflective FSS is designed followed by the antenna in the unlicensed UWB spectrum. To achieve reflection in this range the FSS needs to exhibit reflection coefficient (S 11 ) near 0 dB and thus the transmission coefficient (S 21 ) below -10 dB over the frequency band. During simulation, the port 1 is placed above the top layer of FSS, and the port 2 is placed below the bottom layer of FSS, and the FSS layers are shown in Fig. 1 . The FSS being reflective in nature, needs to be placed below the bi-directional radiator at a specific distance as can be seen from Fig. 2(d) . The waves radiated by the antenna and thereafter getting reflected by the FSS undergo change in the phase. The re-flection phase response is thus a significant parameter in the proposed design.
The proposed FSS is composed of two layers separated by air gap as can be seen from Fig. 2(d) . In the proposed design, patch type FSS has been chosen for band stop response in operating frequency band leading to a partially reflecting surface. The layers of the dual-layer FSS are designed on FR4-based substrate having dielectric constant 4.4 and loss tangent of 0.02. A schematic of the upper layer is shown in Fig. 1(b) with a 4 × 4 array and the unit cell geometry. The upper layer consists of a square patch loaded with two split ring shaped square slots of different dimensions as shown in Fig. 1(b) . With the introduction of slots, the current excited on surface of unit cell of the FSS is forced to flow surrounding the slots as shown in Fig. 6 . In this way the path length for current flow is increased, and the effective wavelength is also increased, leading to a reduced resonance compared to that for the patch without slot. The dimensions of the unit cell in the upper layer of FSS are listed in Tab. 2.
The slots are chosen so as to achieve two resonating frequencies at lower and upper portion of the frequency band whereas the lower layer is designed to achieve resonance in the middle of the band. The unit cell of the lower layer of FSS along with an array (4 × 4) are shown in Fig. 1(c) . The unit cell consists of a Jerusalem cross shaped element and a square loop. Such a design allows wide frequency band. The dimensions of this layer as listed in Tab. 3, are chosen so to resonate near the middle of the frequency band.
The transmission and reflection coefficient of the cascaded FSS are plotted in Fig. 3(a) . The dual-layer FSS being formed by cascading the two layers with an air gap of 4 mm in between, reduces the coupling between the two layers leading to such a large bandwidth (-10 dB). The proposed FSS exhibits transmission below -10 dB in the frequency range of 3.04-15 GHz, however the S 21 level is maintained around -15 dB above 10 GHz. The reflection coefficient or S 11 level is close to 0 dB over the whole frequency band as shown in Fig. 3(a) , and thus the resultant dual-layer FSS acts as a good reflector over a large band- width. Reflection phase of the cascaded FSS is shown in Fig. 3(b) for an air gap of 4 mm. It is evident that the variation of reflection phase with frequency is nearly linear in the operating band. The linearity is maintained in a piecewise manner from 3.5-8 GHz and from 8-14 GHz. The linear variation of reflection phase is extremely useful in enhancing the radiation of bi-directional radiators when placed below the antenna. The waves which are radiated by antenna are reflected by the FSS. If the reflection phase of these reflected waves decreases linearly with frequency (as shown for this design), then the waves radiated directly from the antenna, and the waves reflected by the FSS, are in-phase, and lead to constructive interference. Accordingly the resultant beams get collimated and the antenna gain is enhanced in the broadside direction.
Results and Discussions
The distance between umbrella shaped antenna element and FSS layer is chosen with a parametric study of the reflection coefficient (S 11 ) and gain over frequency using CST Microwave Studio simulator. This high frequency simulator is based on Finite Integration Technique (FIT) method and provides both transient and frequency domain responses [21] . The effect of the distance between antenna and FSS, on reflection coefficient and gain of the antenna, is studied, and the characteristics are plotted in Fig. 4 . In the parametric study, the distances are chosen close to 23 mm, which is half the wavelength corresponding to center frequency of the band. It is observed from Fig. 4(a) that the antenna with FSS achieves better impedance matching for a distance of 26.5 mm, where S 11 is below -10 dB over the whole band, including 6.5 GHz. However from Fig. 4(b) , it is observed that the gain enhancement is little bit more between 5-6 GHz for a distance of 23.5 mm and 24.5 mm. So to maintain both the parameters at a significant level, a distance of 25.5 mm is chosen as an optimized one.
Simulated surface current flow at 3.8 GHz and 5.5 GHz are shown in Fig. 5 . High current concentration along the peripherals of radiating element and feed line with uniformity along y-axis is observed. The surface current distribution on the unit cells of FSS layers when placed below antenna, are shown in Fig. 6 for the upper layer and in Fig. 7 for the lower layer at 3.8 GHz and 5.5 GHz. A comparison of S 11 between antenna with and without FSS by both simulation and measurement is shown in Fig. 8 . The antenna provides an impedance bandwidth (reflection coefficient below -10 dB) from 3.1 to 13.1 GHz without FSS and 3.05 to 13.4 GHz with FSS respectively as per the experimental measurement achieved using R&S ZVL13 vector network analyzer (VNA) [22] . Adequate matching is accomplished as there is agreement between simulated and measured results. Simulated and measured co-polar normalized power patterns in the E-plane and H-plane of the proposed antenna with FSS layers at 3.8, 5.5 and 10 GHz are plotted in Fig. 9 . Omnidirectional patterns in the H-plane and proper broadside directive patterns in the E-plane are observed that make antenna suitable for applications like impulse radars and medical imagining. Maximum differences of 6.9% and 2.66% between simulated and measured results for E-plane and H-plane pattern plot respectively are observed due to error in fabrication, reflection from surroundings and cable losses during measurement.
A stable gain over the frequency band of operation is a crucial measure for UWB antenna. A gain variation of ≤2 dB in the UWB band is considered as flat or stable. Simulated and measured gain of the proposed antenna with and without FSS layers are plotted in Fig. 10 . A gain variation of 2.5-5 dBi is obtained without FSS whereas a gain variation between 5.5-8.5 dBi is obtained with FSS. An enhancement of almost 2-4 dBi is achieved in antenna gain in the wide operating band by adding the FSS layers.
Simulated and measured radiation efficiency of the proposed antenna with FSS and without FSS are shown in Fig. 11 . The measurement is carried out following the Wheeler's cap method as stated in [23] . The measurement suggests an average radiation efficiency of more than 85% in the frequency band of 3.05-13.4 GHz without FSS layers whereas the average efficiency is more than 90% with FSS layers. The difference in measured and simulated radiation efficiency plot establishes the assumption of Wheeler's cap method that considers a gap between the measured values and theoretical values of efficiency. The simulated and measured group delays of the proposed antenna with FSS layers are shown in Fig. 12 . Non-varying (±1 ns) group delay plot suggest a linear phase response and minimal dispersion of the proposed antenna in the operating bandwidth.
Conclusion
A compact umbrella shaped CPW fed UWB antenna is proposed. Two FSS layers of equal dimensions are kept at the back of the antenna that improve antenna gain by 2-4 dBi over the entire operational bandwidth from 3.05-13.4 GHz with maximum radiation along broadside in E-plane and nearly omnidirectional H-plane pattern. Maximum gain of 8.5 dBi is possible to achieve by optimizing the distance between the antenna and FSS layers. The high antenna gain and maximum radiation in the broadside in the wide bandwidth of 10.35 GHz, covering the unlicensed UWB spectrum with more than 90% radiation efficiency and linear phase response make the antenna well fitted for impulse radar applications such as GPR and applications like wall through imaging, medical imaging. The overall dimension of the antenna with FSS layers added becomes 44 × 44 × 33.5 mm 3 . Strategically placement of FSS layers in applications such as GPR can maintain the compactness of the proposed design. The FSS layers can be kept at the back of the antenna by the antenna holder that is usually having larger dimension compared to the antenna. By pursuing this, the effective dimension of the proposed design remains compact as per the size of antenna.
